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Designing a Halbach Rotor Magnetic Gear for a
Marine Hydrokinetic Generator
H. Baninajar, S. Modaresahmadi, H. Y. Wong, J. Z. Bird, W. Williams, B. Dechant
Abstract—This paper presents the electromagnetic and mechanical design as well as experimental testing results for a
9.5:1 gear ratio, series connected, coaxial magnetic gear (MG)
for use in a marine hydrokinetic generator. A 2-D and 3-D
magnetostatic finite element analysis (FEA) sizing analysis was
also conducted and a torque density comparison between using a nested or series MG typology is presented. To achieve a
high torque density a four-segment per pole-pair Halbach
rotor assembly with a unique slotted Halbach magnet arrangement was used that enables the Halbach rotor magnets
to be more easily assembled, even with dimensional tolerance
inaccuracies. A deflection and thermal FEA analysis along
with experimental validation test results are presented. The
experimentally measured torque and torque density for the
MG design are 188.4 N·m and 236.5 N·m/L respectively.
Index Terms—Finite-element analysis, Halbach rotor, magnetic gear, ocean generator.

R

I. INTRODUCTION 1

OTARY based marine hydrokinetic generators need to
convert low oscillating speeds and very high torques
into usable electrical power [1]. To achieve this conversion,
high gear ratio mechanical gears are often considered [2].
However, mechanical gears do not offer the needed longterm reliability [3, 4]. Magnetic gears (MGs) use magnetic
fields to create speed-change without any physical contact
and whilst the cost of MGs will be higher than their mechanical gear counterparts, MGs have the potential to lower
the cost of wave energy power generation by offering improved reliability and lower maintenance costs. MGs eliminate the need for lubricants and provide overload torque
protection [5] and when the MG is combined with a generator the MG generator will use less magnet material than a
comparable direct-drive permanent magnet generator [7].
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There are a range of different MG rotor typologies that
have been proposed [8, 9], the most studied is the coaxial
MG which uses ferromagnetic segments between two magnetic rotors [10]. An example of a four segment per polepair Halbach rotor coaxial MG is shown in Fig. 1. It consists of an inner rotor, with p4 pole-pairs rotating at ω4, a
central cage rotor with n5 ferromagnetic slots rotating at ω5
and an outer rotor with p6 pole-pairs that can rotate at ω6.
To create the field coupling the following condition must be
met [11, 12]
n5  p4  p6 .
(1)
The rotational speed relationship between the rotors is then

ω4  G45 ω5  (G45 − 1)ω6

(2)

where G45 = n5/p4 is the gear ratio. If the outer rotor is fixed,
ω6 = 0, the torque and gear ratio are maximized. Recent
studies have shown that when using flux-focusing magnet
rotors [13] or Halbach rotors [14-16] the highest torque
density amongst the coaxial MG typologies can be attained.
However, the flux-focusing rotor creates a relatively high
3rd and 5th order spatial field harmonic [13], and this,
therefore, generates a significant amount of hysteresis and
eddy current loss, thereby creating thermal challenges. In
contrast, the Halbach rotor can be designed to create a highly sinusoidal field [17, 18]. Therefore, decreasing power
loss and thermal issues, as well as creating a lower torque
ripple [16]. While a Halbach rotors unique field focusing
capability and low harmonic content are attractive, the Halbach magnet rotor is notoriously difficult to assemble. To
maximize the torque, all the magnets need to be touching
[14, 16] but because of magnet tolerance inaccuracies, it is
difficult to design for a close magnet fit. To make assembly
easier, Cameron et al. [15] and Gardner et al. [19] used
spaces between each magnet. Whilst Wong et al. sanded
magnets to ensure a close fit [14]. In [20] a simple assembly
approach and Halbach rotor magnet shape was proposed
that helped with magnet assembly and ameliorated magnet
tolerance inaccuracies.

Fig. 1. A Half cut-away view of the Halbach rotor coaxial MG with p4=4
inner rotor pole-pairs, n5=38 ferromagnetic segments and p6=34 outer rotor
pole-pairs.
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The Halbach rotor used a unique isosceles trapezoidal
magnet shape. This paper builds on the work presented in
[20] by presenting a thermal analysis as well as experimental test results for a new type of Halbach rotor MG.
Also, in the next three sections, a MG sizing comparison is
presented that compares the torque density of a nested versus a series MG generator typology. All results presented in
this paper use 2-D and 3-D nonlinear FEA models.
II. MAGNETICALLY GEARED GENERATOR
The design requirements for a proof-of-principle, 5kW,
2-stage, MG wave energy converter are stated in Table 1
along with the selected gear ratios for each stage. The two
MG stages are assumed to be connected in series and together form a multistage MG with a gear ratio Gr =
G13G45 = 63.3. Based on prior published gear ratio analysis
[21-24] the individual gear stages were each selected to be
under 10:1 so that the torque performance was maximized.

Assume edge-effect, ke and
design safety factor, ks
Update
Edge effect
Factor, ke

2-D FEA radial sweep

Sections
II - VI

3-D FEA stack length
and cage rotor sweep
Update cage
rotor length, l5

Deflection
analysis
Loss
analysis

Modify magnet type

Section
VII
Section
VIII

Thermal
analysis

Section
IX

Experimental
validation

Section
X

Fig. 2. The MG design process, the indicated paper sections are shown.

TABLE 1
MAGNETIC GEAR SPECIFICATIONS
Requirement
Stage
1
Stage
2

Input speed, ω3
Rated power
Input torque, T3
Gear ratio, G13 = p3/ p1
Output speed, ω4
Input rotor torque, T5
Output rotor torque, T4
Gear ratio, G45 = p5/ p4

Value
≤ 40
5
1193
6.66
2532
180
19
9.5

Unit
r/min
kW
N·m
r/min
N·m
N·m
-

This paper focuses only on designing the stage-2 MG,
the stage-1 MG analysis and testing is presented in [25] and
[26]. A summary of the MG design that has been followed
is shown in Fig. 2. The stage-2 MG pole combination of
(p4, n5, p6) = (4, 38, 34) gives a gear ratio of G45 = n5/p4 =
9.5. This pole-slot combination is a multiple of the base
combination (2,19,17) which satisfies:
(3)
gcd(2 p4=
, n5 ) 1, p4 ≠ 1 .
Satisfying (3) mitigates torque ripple [27, 28]. This pole
combination was selected rather than its base pole combination as the cage rotor contains an even number of slots, and
it prevents an unbalanced radial force from being exerted
on the bearings [29].
A MG can be connected in series with a generator [25,
30], like shown in Fig. 3(a), or a MG can be nested internally [7, 23, 31-34] or nested externally [35, 36] with a generator. An internal nested configuration is illustrated in Fig.
3(b). The MG can share magnets with the generator [36, 37]
or by using back-iron the MG can be magnetically isolated
from the generator [7, 34]. By creating a magnetic isolation,
the MG harmonic losses are reduced. In the following two
sections a sizing analysis, is conducted to determine the
overall torque density that can be achieved when using either the series or internally nested MG generator typology.
The internally nested generator is assumed to be magnetically isolated from the MG and therefore by assuming a
particular generator torque density the sizing can be completed without needing to internally design the generator.

.

(a)

(b)
Fig. 3. (a) A series and (b) internally nested multistage MG generator.

III. SERIES TYPOLOGY
To account for discrepancies between the 3-D FEA
computed torque, T53 D , and the measured proof-of-principle

prototype cage rotor torque, T5, a design factor, kd = 1.2,
was used, where:
(4)
T53 D ≥ kd ⋅ T5
with T5 =180 N·m the required 3-D FEA torque is then
T53 D = 216 N·m. As the MG has 180o symmetry it is com-

putationally challenging to rely on 3-D FEA for the complete scaling analysis, however using 2-D FEA neglects the
axial edge effects. Therefore, an edge-effect factor, ke, was
used to account for the discrepancy between the 2-D and
3-D FEA calculations such that:
(5)
T53 D = keT52 D .
In the literature several authors have reported an edge effect
factor between 0.6 to 0.8 [38]. Since this design uses a
small airgap and the ratio between axial length and outer
radius is close to unity, a relatively large edge effect factor
ke = 0.85 was initially selected. Using this factor, the 2-D
FEA torque needs to be T52 D =254 N·m. The accuracy of
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(6)

Tv  T5 /[ro26d ]
and the mass torque density, defined by:
Tm  T5 / (ms  mm )

(7)

where ro6 = outer rotor radius, ms = modulation rotor ferromagnetic steel, mm = magnet material mass. The volume
and mass of the outer rotor lamination was excluded from
(6) and (7) as this component reduces the magnetic performance, it does not contribute to increased torque production and is used for mechanical structure and assembly purposes.
TABLE 2
FIXED MAGNETIC GEARBOX
PARAMETERS
Parameter
Nd-Fe-B magnet grade
Laminated rotor steel grade
Cage rotor tooth width, θ5
Cage rotor tip thickness, lt
Cage rotor bridge thickness, lb
Cage rotor tip width, wt
Inner rotor back iron, lib
Outer rotor back iron, lob
Airgap between rotors, g

(a)

Value
N48
M19
4.73°
1 mm
1 mm
1 mm
5 mm
10 mm
0.5mm

TABLE 3
SERIES DESIGN SWEEP PARAMETERS
(b)
Fig. 4. (a) MG inner pole
segment, (b) Modulator
segment

Description
Inner radius, ri4
Inner rotor length, l4
Cage bar length, l5
outer radius, ro6
Axial stack length, d

Sweep values [mm]
[15, 17,…, 43]
[10,12,…, ro6-22]
[4,5,…,12]
[50,55,60,65]
70

A. Two-Dimensional Design Analysis
The inner and outer rotors contain a 4-segment per polepair Halbach magnet arrangement, the magnet span for the
inner and outer rotor is defined by θ4 = π/(2p4) and θ6 =
π/(2p6) respectively. The MG volumetric torque density
sizing started by first keeping the inner radius fixed at ri4 =
15 mm, and then sweeping the remaining radial geometric
parameters that are specified in Table 3.
Fig. 5 shows the simulation results for four different outer
radii and shows that the torque density increased with outer
radii. Table 4 summarizes the peak torque and torque density at each corresponding outer radius. The ro6 = 60 mm design has the smallest simulated radius that met the torque
requirement. The peak torque and torque density for each
cage rotor bar length, l5, is shown in Table 5 for ro6 =
60 mm, and in Table 6 for the ro6 = 65 mm case. When ro6 =
60 mm the cage bar length must be less than 9 mm to

achieve the target torque value ( T52 D ≥ 254 N·m). This

means that the cage rotor bar is thin, and it could deflect. In
contrast, all the simulated cage bar lengths exceed the target
torque when ro6 = 65 mm, and therefore this outer radius
was selected for further study.
Cage rotor torque, T5 [N∙m]

the assumed edge-effect factor value will be verified in section IV.B.
The radial and cage rotor tooth geometric parameters
used in the sizing analysis are shown in Fig. 4. The assumed geometric and material parameters are specified in
Table 2 and the geometric sweep parameters are shown in
Table 3. The FEA analysis throughout this paper utilizes a
non-linear B-H curve for the M19 laminations. The performance of the MG was assessed by evaluating the Halbach
rotor active region volumetric torque density:

3

Volumetric torque density [N∙m/L]
Fig. 5. 2-D calculated sweep analysis values showing torque vs. volumetric
torque density for a stack length of d = 70 mm, when ri4 = 15 mm. the
legend indicates different outer radii.
TABLE 4
PEAK TORQUE DENSITY DESIGN FOR EACH OUTER RADIUS
Outer radius,
Peak torque
Torque
Rotor length values,
ro6, [mm]
(l4,l5,l6) [mm]
density [N∙m/L]
[N∙m]
50
320.1
175.9
(26,4,4)
55
347.9
231.4
(30,4,5)
60
376.4
297.9
(34,5,5)
65
414.3
384.9
(38,5,6)

TABLE 5
PEAK TORQUE DENSITY DESIGN FOR (ri4, ro6 ) = (15, 60) MM
DESIGNS
Cage bar
length, l5,
[mm]
4
5
6
7
8
9
10
11
12

Peak torque
density [N⸳m/L]
361.1
376.4
361.5
347.3
336.4
318.8
298.6
284
263.4

Torque
[N⸳m]
285.9
298
286.2
274.9
266.3
252.4
236.4
224.8
208.5

Rotor length
[mm]
l4
l6
34
6
34
5
32
6
32
5
30
6
30
5
28
6
28
5
26
6

TABLE 6
PEAK TORQUE DENSITY DESIGN FOR (ri4, ro6 ) = (15, 65) MM
DESIGNS
Cage bar
length, l5,
[mm]
4
5
6
7
8
9
10
11
12

Peak torque
density [N⸳m/L]
390
414.3
405.8
388.8
355.2
351.4
330.9
314.9
297.6

Torque
[N⸳m]
362.3
384.9
377.1
361.2
330
326.4
307.5
292.6
276.5

Rotor length
[mm]
l4
l6
38
7
38
6
36
7
36
6
34
7
34
6
34
5
32
6
32
5

Fig. 6 shows how the mass and volumetric torque density change when ro6 = 65 mm and when all other parameters shown in Table 3 are swept, the inner rotor length, l4
was changed with 2 mm increments. Fig. 7 provides a
zoomed in view near the pareto front, for cases when l5 ≥ 8
mm. The geometric designs that achieve the highest volu-
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metric torque density, and the highest mass torque density
are marked in Fig. 7 as Design A and Design B respectively.
Their performance metrics are shown in Table 7. The
change in torque density with inner rotor radius is shown in
Fig. 8.
7

10

5

8

11

6

9

12

(a)
(b)
(c)
Fig. 9. Quarter view for (a) Design A the high volumetric torque density,
(b) Design B - highest mass torque density design, and (c) Design C –
balanced design.

50
40
30

B. Three-Dimensional Analysis
As the torque for Design C is higher than required a 3-D
FEA scaling analysis with respect to the axial stack length,
d, and cage bar length, l5, was conducted so as maximize
torque density whilst also meeting the required torque. The
stack length and cage bar length are two of the key design
parameters. The 3-D FEA sweep analysis summary plots
are shown in Fig. 10. The required 3-D FEA target torque,
T53 D = 216 N·m, is shown as a flat plane in Fig. 10(a).

20
10
0
25

75

125

175

225

275

325

375

425

Volumetric torque density [N∙m/L]
Fig. 6. Volumetric and mass torque density trade-off plot with ro6 = 65
mm. The legend shows the different cage bar lengths, l5.
Mass torque density [N∙m/kg]

76
72

8

9

10

11

12

B

68
64

C

60
56
52
260

A
280

300

320

340

360

Volumetric torque density [N∙m/L]
Fig. 7. Zoomed in view showing volumetric and mass torque density
trade-off. The legend shows l5 values and only l5 ≥ 8 values are shown.

TABLE 7
SERIES MAGNETIC GEAR TYPOLOGY METRICS
Radial
length [mm]

Stack
length [mm]

ro6

l4

l5 l6

d

dg

65
65
65
65
65
65

34
14
20
20
20
20

8
8
8
8
8
8

70
70
70
55
55
60

95
95
95
95
95
95

7
4
6
6
6
6

Mass torque density
[N∙m /kg]

Volumetric torque density
[N∙m /L]

Torque density
Peak
torque
Version
FEA
Volume
Mass
[N·m]
[N·m/L] [N·m/kg]
A
2-D 330
355.2
56.2
B
2-D 246
265.4
71.7
C
2-D 324
349
62.1
D
3-D 216
296
57.7
N
2-D 229
314
59.9
Q
3-D 227
285
53.9

Inner radius of inner rotor, ri4 [mm]
Fig. 8. 2-D FEA calculated Design A torque density change with inner
rotor radius.

The peak volumetric torque density plateaus at around ri4 =
22 mm and the peak mass torque density occurs at ri4 = 38
mm. A balanced design, Design C, was then selected, as it
has a smaller inner magnet length, but still yields a high

.

Fig. 10(b) shows that the shorter cage bar length increased
torque density. Due to cage bar deflection concerns the cage
bar length was selected to be l5 = 8mm. With this length an
axial length d =55 mm was required to meet the torque requirement. The performance values for this new Design D
are shown in Table 7. The 3-D edge-effects reduced the
mass and volumetric torque density by 15 %.
The series connected generator requires an input torque
of Tg = T5 /G45 = 19.0 N·m and if the assumed generator
continuous torque density is Tdg = 15 N·m/L then the generator axial length must be
(8)
dg  Tg / (Tdg ro26 )
giving dg = 95 mm.

Volumetric
torque density [N·m/L]

60

4

(a)

(b)

Mass torque density
[N·m/kg]

70

Torque [N·m]

Mass torque density [N∙m/kg]

80

volumetric torque density. The appearance of each design is
shown in Fig. 9.

(c)
Fig. 10. (a) Torque (b) volumetric torque density and (c) mass torque density for the different cage bar length, l5, and axial stack length, d. The
torque requirement is shown as the flat plane in (a).

The series connected magnetically geared generator then
has an active region torque density:
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this gives Tds = 90 N·m/L. Therefore, the MG generator has
a torque density 6 × higher than the 15 N·m/L direct-drive
generator. If the generator is liquid cooled then continuous
torque densities of up to Tdg = 50 N·m/L have been reported [39]. Using this density the generator axial length reduces to dg = 27 mm and then from (9) the series configured
MG generator torque density is Tds = 162 N·m/L this is still
an impressive 3.2 × higher torque density. To maintain
equivalency the following internally nested MG generator
analysis will use a Tdg = 15 N·m/L generator torque density.
IV. INTERNALLY NESTED TYPOLOGY
To accommodate the internal generator a larger MG outer
radius is needed, but if the stack length is then not increased
commensurately, due to modulator cage deflection concerns, then the axial edge-effect will be greater, and the 3-D
FEA torque will be lower than expected. Therefore, for the
nested MG analysis the edge-effect factor was initially set
to ke = 0.8, rather than ke = 0.85. By using (7) with the design factor kd = 1.2 the required 2-D FEA input torque for
the nested MG is T52 D = 270 N·m.
The case in which the MG and generator have the same
stack length and different stack length are considered in the
following two sections.
A. Equal Stack Length
If the MG stack length, d, and generator stack length, dg,
are equal
(10)
dg = d
then the required generator outer radius, rg, is
(11)
rg = Tg / [π d g Tdg ] .
The inner MG rotor radius, ri4, is then fixed based on the
required space for the inner generator such that:
(12)
ri 4= rg + lbi
where lbi = 10 mm is the back-iron length, as defined in
Fig. 4, this back-iron isolates the MG from the generator.
Using three different axial stack lengths, as shown in Table 8., the generator outer radius was computed and then
along with the other sweep parameters shown in Table 8 a
2-D FEA volumetric torque density analysis was conducted.
The sweep results are shown in Fig. 11. The torque density
was computed using (6). The highest volumetric torque
density value was selected for each stack length and the
geometry and torque density results are summarized in Table 9 – refer Design E, F and G. The torque for these three
designs is higher than required, consequently a reduction in
torque will lead to a reduction in torque density. Design H,
shown in Table 9, has the highest torque density that also
meets the 2-D torque requirement. Unfortunately, the 3-D
FEA computed torque for Design H is only T53 D = 201 N·m,
this is lower than the required target torque value of T53 D =
216 N·m. The lower-than-expected torque means that the
edge-effect factor, needs to be lowered to ke = 0.75. This
lower ke then increased the required 2-D torque value to

.

T52 D = 288 N·m. Design I, shown in Table 9, with an outer
radius of ro6 = 174 mm was then selected from the 2-D geometry sweep values as it met the required torque value. As
the generator has the same stack length as the MG the equal
stack length nested MG generator torque density is Tdn =
94.6 N∙m/L.
600

Cage rotor torque [Nm]

(9)

E

40

30

20

500

F

400

G

300

torque requirement

H

200
100
0
25

50

75

100

125

150

175

200

225

250

275

250

275

Volumetric torque density [N·m/L]
(a)

140

Mass torque density [N·m/Kg]

Tds  T5 / [ro26 (dg  d )]

5

30

20

40

120
100
80
60
40
20
25

50

75

100

125

150

175

200

225

Volumetric torque density [N·m/L]
(b)
Fig. 11. (a) 2-D FEA computed torque vs. torque density and (b) mass
torque density vs. volumetric torque density results for the geometric
sweep values specified in Table 8. The legend indicates the axial length
value. These values are shown for an edge effect factor ke = 0.8.

B. Unequal Stack Length
In the unequal stack length analysis, the generators axial
length was made longer than the MG axial length. The MG
axial length was first set to d = 50 mm and a parameter
sweep was performed using five different generator axial
lengths, as specified in Table 10. Using (13) the required
generator radius, rg, was then computed, this gave the inner
radius value, ri4, used in the simulations. The 2-D FEA volumetric torque density sweep analysis results for a selection
of inner radius values, when (ke, kd) = (0.8, 1.2), is shown in
Fig. 12. The torque density was calculated by evaluating (6)
Design J, with ri4 = 62 mm, has the highest volumetric
torque density that also met the required torque. But selecting this design results in the generator axial length being
150 mm, three times the MG length.
TABLE 8
NESTED MAGNETIC GEAR SWEEP PARAMETERS
Description
Axial length, d
Generator outer radius, rg
Inner radius, ri4
outer radius, ro6
Inner rotor length, l4
Cage bar length, l5

20
142
152

Sweep values [mm]
30
116
126
ri4 + [15,20,25]
[2,3,..., ro6- ri4-11]
[8,9,10,11,12]

40
100
110
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700

Torque on cage rotor [N·m]

74

67

62

the MG generator torque density for Design J and Design K
nested MG generator was computed to be 95.2 N∙m/L and
90.2 N∙m/L respectively.

500
400
torque requirement

300

K

V. SERIES AND NESTED COMPARISON

J

200
100

50

100

150

200

250

300

Volumetric torque density [N·m/L]
Fig. 12. 2-D FEA computed torque vs. volumetric torque density for different MG inner radius, ri4, values. This corresponds to different generator
axial lengths.
TABLE 9
NESTED MAGNETIC GEAR TYPOLOGY METRICS
Peak MG torque density
Version FEA torque Volume
Mass
[N·m] [N·m/L] [N·m/kg]
E
203.3
125
2-D 400
F
237.1
125
2-D 509
G
2-D 589
256.9
123
2-D 272
146.2
113
H
3-D 201
108
83.5
2-D 293
154.1
110
I
3-D 218
114.6
81.8
2-D 271
245
88.4
J
3-D 216
216.5
78.1
2-D 270
128
90
K
3-D 216
118.8
84

Stack length
Radial
[mm]
length [mm]
ro6 l4 l5 l6
d
dg
177 11 8 5 20
20
151 10 8 6 30
30
135 10 8 6 40
40
172 5

8 6

20

20

174 5

9 7

20

20

84 7

8 6

116 4

8 3

50
45
50
43

150
50

Design K, marked in Fig. 12, with ri4 = 100 mm also met
the torque requirement, it has a much lower MG torque
density, but selecting this design results in a generator axial
length dg = 50 mm which is much lower than Design J. In
order to meet the torque requirement a further 3-D FEA
axial sweep analysis was performed; the sweep results are
shown in Fig. 13(a). The final cross-sectional appearance
for both Design J and Design K is shown in Fig. 13(b).
TABLE 10
DIFFERENT STACK LENGTH SWEEP PARAMETERS
Description
Generator axial length, dg
Generator outer radius, rg
Inner radius, ri4
outer radius, ro6
Inner rotor length, l4
Cage bar length, l5
Magnetic gear axial length, d

50
90
100

Sweep values [mm]
75
100
125
73
64
57
83
74
67
ri4 + [15,16,17,...,25]
[2,3,…, ro6- ri4-11]
[8,9,10,11,12]
50

K

torque requirement

200

J

150

100

MG

Generator

MG

Generator

MG

d =45 mm
dg =150 mm

50

0
10

back iron

ro6 = 116 mm

ro6 = 84 mm

Torque on cage rotor [N·m]

250

150
52
62

dg =50 mm

300

15

20

25

30

35

40

45

50

MG

Design J

d =43 mm

Magnetic gear axial length, d [mm]
(a)

(b)

Design K

Fig. 13. (a) 3-D FEA calculated torque as a function of axial length for
Design J and Design K. (b) The geometric appearance for Design J and K.

Utilizing:

.

(13)

Tdn  T5 / [(ro26  rg2 )d  rg2dg )]

100

83

600

The final series and nested MG generator designs are summarized in Table 11, Design J is not included as it has similar torque density to Design K but requires a much larger
axial length outer rotor generator which will be challenging
to cool. All the designs shown in Table 11 have similar
torque density values. Design I has a slightly higher torque
density but also a large radius, and so the cost of machining
the end-plate supports and structure supports will be the
highest. The series Design D has comparable performance
to the nested design and also provides more flexibility as
the MG and generator can be designed separately and do
not have to both be integrated as a unique generator unit.
This mitigates design risk, and for this reason Design D was
selected for use in the proof-of-principle marine hydrokinetic generator.
TABLE 11
NESTED AND SERIES MAGNETIC GEAR GENERATOR
DESIGNS
Design
MG torque density† , Td
MG generator
Volumetric
torque density†
Mass*
Outer radius, ro6
Stack length ratio, dg/d

Nested
I
K
114.6
118.8
94.6
90.2
17.05
17.15
174
116
1
1.16

Series
D
296
90
15.43
65
1.7

Units
N·m/L
N·m/L
N·m/kg
mm
-

† The MG torque density was calculated by using T53 D = 216 N·m but as
the MG generator torque density is limited by the generator torque a
torque of T5 = 180 N·m was used.
* Assuming a generator mass torque density of 2.4 N·m /kg.[40]

VI. HALBACH ROTOR DESIGN
To maximize torque the Halbach rotor magnets must fit
closely together. However, due to the magnet tolerance
inaccuracies, this is challenging to achieve for a Halbach
rotor assembly. Therefore, a magnet offset angle parameter
analysis was performed with respect to re-shaping the tangentially magnetized magnet angle and the radial length for
the inner and outer rotor magnets. The inner and outer rotor
offset angle and radial length definitions are shown in Fig.
14. The angular offset is referenced to the center of the
magnet. If the tangentially magnetized magnets’ radial
lengths are made slightly smaller than the radially magnetized magnet lengths, then when this is combined with having an angled magnet size it will allow the magnets to fit
into place without any airgaps between the magnets. This
will prevent the need for air-gap spaces thereby maximizing
torque. If the magnets are larger than expected, but still
within the defined manufacturing tolerance, the tangential
magnets can shift radially outward and occupy the magnet’s
spare area adjacent to the airgap. This move provides additional space in both circumferential and radial directions of
the magnet predefined slot. Therefore, a larger toleranced
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magnet can still fit into place without the need to sand
down magnets.
Fig. 15 shows the impact on torque when the relative magnet lengths and offset angles are swept. It can be noted that
the magnet offset angle does not significantly impact the
torque, however, changing the insert length does. With this
in mind, the inner and outer rotor tangential magnets were
selected to have the values (li, θi) = (0.5, 15) and (lo, θo) =
(0.2, 5) respectively. After this design change the magnets
have the isosceles trapezoidal shape, as shown in Fig. 16.
To create the radial length difference, each radial magnet
was placed within a small groove on the inner and outer
back-iron. The dove-tail grooves also helped prevent the
radial magnets from moving radially outwards and also help
with positioning the magnets during assembly. With these
changes the 2-D FEA calculated torque density was reduced
to Tv = 314.1 N·m/L. The performance for this Design N is
shown in Table 7.

7

in Fig. 17. The outer rotor lamination width is defined in
Fig. 16(b). By increasing the radial length, lbo, the torque
decreased whilst reducing the axial width, do, increased
torque. To provide sufficient mounting bolt support the
outer rotor lamination length was selected to be lbo =
15 mm. Whilst the lamination width was selected to be do
= 38.1 mm. The axial sides of the laminations were supported using Delrin. Adding these assembly-oriented design
changes reduced the torque, therefore, to compensate, the
MG axial length needed to be increased from d = 55 mm to
60 mm.
The calculated Design Q torque density reduced to
285 N∙m/L. The Design Q performance values are summarized in Table 7 and Fig. 18 shows the 3-D FEA calculated
torque as a function of inner rotor rotational angle, at the
peak torque load angle, for Design Q. The torque ripple, as
a percentage of peak torque, on the inner rotor and cage
rotor was calculated to be 0.8 % and 0.3 % respectively.

lo

(a)
(b)
Fig. 14. (a) Inner rotor tangential magnet angular offset value, θi, and
tangential magnet insert length, li , (b) outer rotor tangential magnet
angular offset value, θo and magnet insert length, lo.
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0
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2

3
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8

9
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11

12

13

14

15

23.65

Inner rotor torque [N.m]

The use of outer rotor laminations significantly reduces
the torque. However, the use of ferromagnetic material behind the inner rotor magnets only negligibly impacts torque.
As the outer rotor laminations assist with the assembly and
magnet alignment an axial length analysis was conducted to
try to ameliorate the torque reduction when using outer rotor ferromagnetic laminations. Both the lamination radial
length, lbo, and axial width, do, were varied whilst keeping
the other parameters fixed. The analysis results are shown

(a)
(b)
Fig. 17. (a) 3-D FEA calculated cage rotor torque vs. outer back-iron radial
length, lbo, and outer lamination width, do when d = 60 mm, (b) 3-D view
showing lamination width, do.
Cage rotor torque [N·m]

Torque [N·m]
(b)
Fig. 15. 2-D FEA calculated torque when the tangential magnet insert
length and offset angle are varied for (a) inner rotor and (b) outer rotor,
note that the inner rotor magnets parameters are (li, θi) = (0.5,15) when the
outer rotor parameters are swept, and d = 55 mm. The case when (li, θi) =
(lo, θo) = (0,0) is the original design value.

Cage rotor torque [N·m]

Fig. 16.(a) The isosceles trapezoidal magnet design with dovetailed lamination connection, (b) Zoomed-in view of inner rotor magnet dovetail
presentation, (c) Zoomed-in view of outer rotor magnet dovetail presentation.
(a)

.

(b)

Inner rotor rotational angle [degrees]
Fig. 18 Design Q cage rotor and inner rotor torque at peak torque angle
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Fig. 20 shows the 2-D FEA calculated radial and tangential
force on each Garolite rod. Note that since there is 180o
symmetry the radial and tangential force show a symmetric
pattern and the total radial force sums to zero. Also, note
that as the forces were computed using a 2-D model and so
will be higher than would be expected, therefore providing
an additional safety margin.
The cage rotor consists of nl = 128 bonded laminations.
The mechanical behavior of the laminations is weaker than
for a solid and modelling the strength of the bond between
each lamination, as well as the modelling all the individual
laminations, is computationally challenging [41]. Therefore,
to meaningfully and timely study the lamination deflection
the magnetic force values shown in Fig. 20 were applied on
each Garolite rod but only nine equally separated lamination sheets were modeled so as to test the integrity of the
cage rotor.

VIII. LOSS ANALYSIS
Understanding the MG loss is critical to ensuring the MG
does not overheat. The MG has 180o symmetry and so the
use of 3-D transient FEA is computationally expensive. A
2-D FEA model was first used to determine an appropriate
numerical sampling frequency, fs. The loss was computed
when the MG was rotating at the rated speed and peak
torque and the magnet working temperature was assumed to
be 20°C. The change in the 2-D FEA computed electrical
loss as a function of sampling frequency, fs, is shown in Fig.
22. When fs = 25 kHz (40 µs time-step) the calculation error
reduced to 0.25%. Using this sampling frequency, a 170step, 10.2 million element, transient 3-D FEA simulation
was then used to compute the steady-state loss values
shown in Table 12.
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Fig. 19. The electromagnetic force on each Garolite bar was computed by
evaluating the force applied on the ferromagnetic segments between each
two blue lines.

Fig. 22. The percentage error in the calculated loss for Design X and the
required number of time-steps for different sampling frequencies.

TABLE 12
THE MAGNETIC LOSS FOR EACH COMPONENT
AT RATED SPEED
Description
Eddy current
Hysteresis loss
All outer rotor magnets
Outer
Back iron joule loss
Rotor
Back iron hysteresis loss
Tangential magnets
Inner
Radial magnets
Rotor
Back iron loss
All components
Cage
Rotor

(a)
(b)
Fig. 20. (a) Radial force, Fr and (b) tangential force , Fθ values experienced by each of the 38 Garolite support rods

Fig. 21. 3-D FEA computed deflection surface plot for all Garolite support rods and with nine modulator laminations.

.

20

Number of time steps

The cage rotor laminations are mechanically supported
by Garolite G10 rectangular rods that were inserted into the
n5 = 38 lamination modulator slots. The electromagnetic
force experienced by each Garolite rod was computed by
evaluating the force between two halves of each consecutive modulator teeth, this force calculation region is the
region between the two blue lines shown in Fig. 19. The
total force on the nth Garolite rod can be described by:


(14)
=
F5 (n) Fr (n)r + Fθ (n)θ .

Fig. 21 shows the FEA calculated deflection experienced by
the Garolite rods and the nine laminations. The deflection
does not exceed 10% of the airgap (0.5mm). Therefore, this
design was deemed acceptable.

Calculation error [%]

VII. AIR-GAP DEFLECTION ANALYSIS

Loss
[W]
12.6
12.3
9.4
3.8
4.8
2.4
1.5
0.0
46.8

Loss density
[W/m3]
130,710
127,598
61,661
14,053
17,751
16,548
9,045
0

The loss density was highest in the cage rotor [42, 43], and
the outer rotor magnet loss density was about four times
higher than the inner rotor loss density. This is because the
inner rotor’s pole-pairs have a longer pole-pitch, and therefore the magnetic field more easily flows through the entire
outer rotor magnet material, as illustrated in Fig. 16(a),
where the inner rotor pole can be seen flowing through the
outer rotor laminations. The loss within the inner rotor
back-iron was negligibly small because of the outer rotor
magnets small field path and also the shielding provided by
the long inner rotor magnets. The outer rotor laminations
accounted for 18% of the total loss and therefore the benefits of using outer rotor laminations should be reconsidered.
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100

IX. THERMAL ANALYSIS

Value [Wm-1K-1]
0.026

Airgap areas [44]
Garolite support rods and rotor end plates [44]

0.3

Cage rotor and outer rotor laminations [45]

28

Nd-Fe-B magnets [46]

7.6

Aluminum end-plates [44]

230

Rotor shafts and inner back iron (1018 steel) [44]

51.9

The temperature was calculated using a one-eighth static
thermal conduction/convection ANSYS 3-D FEA model
with an assumed ambient temperature of 20oC. To create
the one-eighth model symmetric conditions were applied
along the (x, y, z) axis.
Fig. 23 shows the temperature distribution within the MG
when the outer MG surface convective heat transfer coefficient was h = 10 W/m2K [47]. At rated speed the outer rotor magnet temperature was calculated to reach 87.2°C. As
the N48 magnet grade selected for use has a maximum
working temperature of only 80°C. The outer rotor magnets
could exceed their allowable working temperature. Moreover, any elevated temperature increases the knee point of
the magnet in comparison to the value that was initially
assumed which was 20°C. Rather than utilize a different
magnet grade [48] an aluminum water cooling jacket was
designed so as to maintain the heat transfer coefficient on
the outer rotor at 100 W/m2K [49] and preventing the magnets from overheating. Fig. 24 shows how the maximum
calculated MG temperature in the inner rotor, cage rotor
and outer rotor, reduces when the outer MG surface convective heat transfer coefficient, h, is increased. A 0.88 kW
heat exchanger was used to maintain the coolant at 20°C.
Note that in the ocean environment a cooling jacket would
not be required. Using a 3-D transient FEA model the cooling jacket was calculated at rated speed to contribute only
0.75 W of additional eddy current loss.

Fig. 23. Temperature surface plot (in degrees Celsius) created by the oneeight conductive thermal model of the MG when the outer surface heat
transfer coefficient for free convection is h = 10 W/m2K

.

inner

90

outer

cage

80

Temperature [°C]

The increase in the MG magnet temperature leads to
torque degradation and can result in catastrophic demagnetization. The temperature in the magnets and MG components were computed by using the thermal conductivity
values specified in Table 13 and the loss density values
stated in Table 12 as heat generation sources.
TABLE 13
THERMAL CONDUCTIVITY COEFFICIENTS
Region
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Outer surface convective heat transfer coefficient [W/m2K]
Fig. 24. Maximum temperature within the inner rotor, outer rotor, and cage
rotor for different outer surface heat transfer coefficients.

X. EXPERIMENTAL VERIFICATION
The inner rotor, modulation cage rotor, and outer rotor
MG rotor parts are shown in Fig. 25. The magnet assembly
process and rotor field measurements are shown in [20].
Fig. 26 shows the series assembled MG with cooling
jacket and generator attached. The generator is a Kollmorgen frame-less motor, model KBM(s)-35H03-A, with a
peak continuous torque of 21.8 N∙m and an active volumetric and mass torque density of 10.6 N∙m/L and 2.33 N∙m/kg
respectively. The torque was measured using a Himmelstein
(model MCRT 48200V) torque transducer. A North Slope
Chiller (model Nsc0250) was used for cooling the MG
thermal jacket. The input to the MG was provided by a
Schneider-Electric PM motor (model BSH2051) via a
Dodge Quantis 9.73:1 gearbox (model HB682-LN210TC).
The statically measured cage rotor torque versus rotational angle is shown in Fig. 27. The torque was measured
by locking the inner rotor and applying torque on the cage
rotor until it pole-slipped. The static peak torque was measured to be T5s = 188.4 N·m, this is 17% lower than the 3-D
FEA calculated value, but still 5% higher than the design
requirement (180 N·m). This discrepancy corresponds to a
design factor of kd = 0.87. The measured active region
torque density is 236 N·m/L, a 20 % reduction from what
was calculated. The experimental MG generator therefore
still attained a 66 N·m/L static torque density which is 6.6×
the torque density of the Kollmorgen generator. The field
measurement shown in [20] was higher than calculated and
so this reduction in peak torque is unexpected. However,
the reduction is likely caused by an accidental testing error
that partially demagnetization the magnets. During the drive
commissioning process, the MG was accidently overheated
because the cooling system was not turned on (the first of
two Kollmorgen motors was also destroyed). The initial
peak static torque measurement before the abovementioned
fault is also shown in Fig. 27 and showed a good agreement
with the 3-D FEA calculated value.
The measured cage rotor torque as a function of time for
load step changes is shown in Fig. 28. The torque ripple
does not appreciably change with load [50].
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(a)
(b)
(c)
Fig. 25 (a) Fully assembled inner Halbach rotor, (b) cage rotor and (c) halfassembled outer Halbach rotor with radial magnets.
Magnetically geared generator

Mechanical gearbox (9.73:1)

sign. The series configured MG generator allows greater
flexibility in terms of designing both components separately
and therefore, the series MG configuration was experimentally built using an off-the-shelf generator. A MG cooling
jacket was also shown to help mitigate heating within the
MG.
The Halbach MG and MG generator had a 3-D FEA
computed static torque and torque density of 285 N∙m/L
and 90 N∙m/L respectively. Whilst the experimentally
measured static torque density for the MG and MG generator were 236 N·m/L and 66 N·m /L respectively.
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